The aim of this study was to design and evaluate a laboratory activity based on scientific inquiry to educate first-year pharmacy students in the U.S. about vaccination theory and the attributes of common pathogens. Methods: The laboratory activity had two principal sections. The first consisted of an interactive game during which students rolled a die to determine outcomes based on a set of pre-determined criteria. In the second section, students generated and tested hypotheses about vaccine theory using a computer simulation that modeled disease transmission within a large population. In each section students were asked to evaluate epidemiological data and make inferences pertinent to vaccination effectiveness. Results: Mean scores on a knowledge-based assessment given immediately before and immediately after the activity increased from 46% to 71%. Discussion: A laboratory activity designed to stimulate scientific inquiry within pharmacy students enabled them to increase their knowledge of common vaccines and infectious diseases.
Background
Vaccines represent one of the crowning achievements of medical technology. [1] The development of vaccines has reduced the incidence of infection by a myriad of pathogens that until recently had plagued society throughout recorded history. [2] And yet, admiration and adoption of vaccines is not universal. This is due in part to their unique position in the pharmaceutical landscape, and, unfortunately, in part to popular misconceptions linking vaccines to various maladies, including autism. [3] In the United States, pharmacists administer many vaccines to the public and thus must be properly informed so that they can discuss the risks and benefits of vaccines with their patients. [4] It is also important to encourage and fortify the scientific literacy of student pharmacists. In the U.S., all pharmacists entering practice must possess a Doctorate of Pharmacy (PharmD) degree. This degree is conferred following successful completion of a four-year program during which students receive didactic instruction in basic, pharmaceutical, and clinical sciences, as well as experiential education in multiple settings (hospital, community, etc.). Due to the ever-expanding catalog of medicinal drugs and the particulars associated with their therapeutic applications, the PharmD curriculum often requires a reduction in time devoted to scientific inquiry and experimentation for the sake of didactic instruction. This paradigm generally results in pharmacists being experts in the facts of pharmaceutical therapy but not being clinicians capable of investigating complex problems. The laboratory environment, due to its physical and temporal properties, has the potential for dissemination of information via scientific inquiry. The goal of the laboratory exercise described herein was to educate students on vaccine effectiveness and herd immunity by using the basic tenets of the scientific method.
This goal is highly significant in relation to the standards put forth by the agency responsible for pharmacy school accreditation in the U.S., the Accreditation Council for Pharmacy Education (ACPE). [5] The 2016 standards state that content areas such as the "properties of microorganisms responsible for human disease", the "augmentation of the human immune system to prevent disease", and the "cause and effect patterns of health and disease in large populations" are central to a "contemporary, high quality pharmacy education". This laboratory experience represents an innovative implementation of these standards.
There is a body of literature on inquiry-based laboratory exercises, although most published exercises have been designed for the undergraduate level. [6] Several reports dealing specifically with inquiry-based education in pharmacy education have also been published, though largely in the context of didactic instruction. [7, 8] In addition, a handful of articles detailing the use of laboratory research in the pharmacy curriculum to increase understanding of the scientific method are available. [9, 10] All of these articles extoll the virtue of inquiry-based learning and confirm its value in increasing understanding and knowledge retention.
The purpose of this educational innovation and its evaluation was to develop and validate a laboratory exercise that reinforced and augmented instruction on vaccines and their related pathogens covered briefly in other didactic courses in the curriculum, e.g., immunology. The approaches chosen to achieve this goal were guided scientific inquiry and computer-simulated experimentation in order to challenge first year students to use the scientific method to answer complex questions. Guided scientific inquiry refers to activities designed to help students arrive at a specified answer by engaging in scientific processes. [11] These methods are based on the educational principle of social constructivism, which argues that knowledge is constructed in the mind of the learner rather than transferred from the instructor. [12] This laboratory exercise occurs at the end of the spring semester of the first year, approximately 8 months into the curriculum. It was specifically scheduled for this time to take advantage of concepts introduced throughout the first year and to integrate several disciplines, including biopharmaceutics and immunology.
Methods
The laboratory exercise included 82 students enrolled in their first year of a four-year Doctor of Pharmacy (PharmD) degree program. All students had previously completed 61 credit hours of specified undergraduate courses prior to entering the pharmacy program. The students were divided into two sections for the Integrated Environment for Applied Learning and Skills (IdEALS) course. This course is the second in a 6 course sequence designed to span the length of the didactic PharmD program. The goals of the sequence are to provide an opportunity for hands-on learning and integrate aspects of basic science, pharmaceutical science, and pharmacy practice. Each course within the sequence is assigned 1 credit hour, and each laboratory session typically spans 4 hours once a week.
The vaccine lab consisted of two parts. Part 1 was designed to imitate a role-playing game in which a player's fate is determined by the roll (or rolls) of a die (e.g., Dungeons and Dragons). [13] Dice are small cubes with a different number of dots on each face, ranging from 1 to 6. They are commonly used in children's games and familiar to all U.S. students. Students were numbered 1 through 6 and then given a single 6-sided die and a laminated note card containing demographic information of a fictitious character [ Figure 1 ]. Additionally, a handout was distributed detailing the rules of the game [Appendix 1]. Based on their number, students were identified as vaccinated or non-vaccinated, and infected or uninfected. Eight scenarios in total were played, with each scenario varying either the pathogen or the percentage of the population vaccinated. Four pathogens were chosen for the exercise: Influenza virus, measles virus, Bordetella pertussis, and Ebola virus. The influenza virus was chosen because the influenza vaccine is the most commonly administered immunization by pharmacists in the U.S. [14] The measles virus was chosen because of measles' highly contagious properties, controversy over the MMR (measles, mumps, and rubella) combined vaccine, and recent outbreaks of measles in the U.S. due to a reduction in vaccine coverage. [15] Bordetella pertussis was chosen for its severity in children and recent U.S. outbreaks. [16] The Ebola virus was chosen for its newsworthiness and its greatly different characteristics compared to the other pathogens chosen. [17] Figure 1: Example of laminated card with fictitious character demographics and die given to each student Game play consisted of multiple rounds, with each round containing 2 steps. The first step determined the player's viability (chances of living if infected), which was influenced by the particular pathogen and the character's age. It was calculated by throwing the die three times, and then matching the sum of the rolls to the corresponding variables [ Table 1 ]. The second step was performed between two players and determined whether an infected player passed the pathogen on to an uninfected player. Transmission was influenced by the particular pathogen and the player's vaccination status. It was calculated by throwing each players' die twice, and then matching the sum of their rolls to the corresponding variables [ Table 1 ]. Players continued these 2-step rounds until all pairwise interactions between players had been made.
Following completion of each scenario, students were instructed to enter the results of their character into a cloud-based spreadsheet using a link that had been disseminated via the course's learning management system (Desire 2 Learn) website [ Figure 2 ]. This method of data collection permitted real-time analysis of each variable's effect on various outcomes. For example, as shown in Figure 1 , scenarios 1 and 2 compared the outcomes of an influenza virus outbreak when approximately half of the population is vaccinated (scenario 1) versus when approximately 90 percent of the population is vaccinated (scenario 2). These results were used to illustrate the impact of herd immunity and the effectiveness of the influenza vaccine.
Part 2 of the vaccine lab consisted of students using a spreadsheet-based model of disease propagation and vaccine effectiveness. The model used Bayesian probability and estimates of vaccine effectiveness, pathogen mortality, secondary household attack rate, and the duration of infectivity were based on information provided by the U.S. Centers for Disease Control and Prevention (CDC). [18] The model consisted of 10,000 cells representing a closed population of 10,000 individuals. Each cell was designated at random as either "vaccinated" or "unvaccinated" based on the "% vaccinated" initial condition. The status of individual cells was visualized using conditional formatting. A small percentage of the population (0.1%) was chosen at random to be "sick". The rate of disease propagation depended on the variables mentioned above as well as a random variable governing interaction between neighboring cells. An example of the visual output of the model for measles virus as a function of percent of the population vaccinated can be seen in Figure 3 . The file containing the model, along with a separate file containing instructions on how to modify variable and perform the necessary calculations were distributed via the course's learning management system (Desire 2 Learn) website (Supplementary File).
Students were guided through several different scenarios dealing with the four selected pathogens. With each subsequent scenario, the students were given fewer of the Figure 2 : Real time analysis of data entered by students. Each student was assigned an arbitrary number and then asked to record the results of their "character" once the scenario had ended by answering yes (Y) or no (N) to several questions. The graphs were linked to the responses and updated in real time so that results could be discussed and compared as soon as the scenario ended. This graph shows the results of two influenza scenarios. In scenario 1, approximately half of the participants were vaccinated. In scenario 2, approximately 90% of the participants were vaccinated cloud-based spreadsheet so that results could be analyzed in real time [ Figure 4 ]. The real time reporting allowed the instructor to monitor group progress as well as emphasize trends in the data to the entire class.
Program evaluation
Students were assessed with a knowledge-based multiple choice quiz. Quiz questions were generated by the authors of this study and evaluated for content and consistency by group consensus. The mean scores of the pre-assessment and post-assessment were compared using the paired t-test (two-tailed), and the median scores were compared using the Wilcoxon matched-pairs signed-rank test. Both parametric and non-parametric analyses were performed to account for possible non-normally distributed data. All statistical analysis was performed using Prism 6 (GraphPad 
Results
To evaluate the effectiveness as this laboratory exercise, students were given a pre-lab assessment at the beginning of the class period and again assessed using the same 15 item tool following completion of the laboratory exercise. Eighty-one students completed the pre-assessment and 82 completed the post-assessment (99%). Eleven of the 15 knowledge-based assessment questions (73%) showed a statistically significant improvement in student performance in the post-lab assessment relative to the pre-lab assessment. One question, #15, showed a statistically significant change in percent correct, but student performance declined rather than increased. This question, which asked the students to identify the pathogen responsible for the greatest number of U.S. deaths in 2014, was answered in one of the student handouts, but was not emphasized by any of the instructors. In addition, both the mean and median assessment score improved significantly. Of the 81 students that completed both the pre and post assessments, 75 (93%) had scores that improved (the scores of 3 did not change, and the scores of 3 others decreased) [ Table 2 ].
Discussion
A strong record of using game play to educate students in the life sciences can be found in the literature. [19] Most reports detail the creation of card or board games, and at least one reports the results of using an interactive video game. [20] [21] [22] Figure 4 : Real time analysis of data entered by students. The chart reflects the results of simulations carried out by students using the computer simulator to identify the optimal level of vaccination against measles in order to protect unvaccinated individuals. Students altered the percent of the population vaccinated against the measles virus and then ran the simulator until the outbreak was contained. Graphs such as this were linked to the responses from the entire class and updated in real time so that the results could be discussed and compared continuously Evaluations of all of these innovations demonstrate the advantage of using games to increase student understanding and knowledge of complex biological concepts. Additionally, Donohoe and colleagues have described a laboratory exercise that deals exclusively with vaccines. [23] [24] [25] [26] The authors report on the implementation and results of a well-designed laboratory exercise that improves students' knowledge of three common vaccines (influenza, pneumococcal, and shingles) and the practical concerns regarding their administration.
The laboratory exercise described above based on game play and computer simulations also significantly increased students' knowledge of facts and statistics related to vaccines. Additionally, it provided an opportunity for students to use the scientific method to test hypotheses. Taking place at the end of their first year of instruction, it took advantage of other topics taught during that year, including immunology and biopharmaceutics.
The students generally appeared to enjoy the laboratory exercise, although this was not assessed formally. Anecdotally, instructors observed that some individuals responded positively to the dice game and caught on to the rules and scoring quite quickly, while others responded to the computer simulation more favorably. As this lab occurred twice (once each for two different sections) with different instructors for each section, it was found that the dice game benefitted from input from a practicing clinical pharmacist who moderated one of the sections. Students seemed to respond enthusiastically as the game was compared to real-life statistics and observations from practice. Conversely, it was found that the computer simulations benefitted from group guidance by the program's author, who moderated the other section. Students were able to receive feedback about their hypotheses with respect to the variables in the program and gain an appreciation for experimental repetition during the section led by the instructor who wrote the code.
Although statistical analysis of pre and post assessments indicated that the students increased their knowledge of the subjects addressed, it is unclear if this increase is permanent, or whether it reflects a transient retention of facts. A longitudinal study would be necessary to ascertain the lasting value of this laboratory exercise.
Given the strong improvement in student assessment scores, the faculty members involved in this course will continue to include this exercise as part of the semester's instruction, however, certain changes and improvements are desired. With respect to the dice game, an additional layer of game theory will be implemented in future years. Game players will be given a finite number of vaccines and must decide as a collective how to distribute them, given the susceptibility to disease and geographical restrictions of certain players. It is anticipated that this will provoke different hypotheses within the group about how best to protect the greatest number of players. The game will then be played out as before with the results recorded and results analyzed to determine the most viable hypothesis.
With respect to the computer simulation, certain changes will be made to the underlying code. For instance, as the code is currently written, the duration of transmissibility competes with the mortality rate as determined by Bayesian probability based on reported values. The models would most likely be more faithful if the chance of death was only calculated after a constant incubation period. For pathogens with a low mortality rate (such as the measles virus), this change will not have a large effect, but for pathogens with a long incubation period and a high mortality rate (such as the Ebola virus), this change could have large ramifications. Additionally, the model will be changed to incorporate demographic information, and random ages will be assigned to each individual and their probabilities for infection and mortality will change based on that assignment. These changes will provide greater value to the lab and enhance the students' understanding of vaccines and public health.
Lastly, although this laboratory exercise was designed primarily for first year pharmacy students, it could be easily adapted for medical students, graduate students studying public health, or undergraduate students studying immunology and microbiology. Knowledge of vaccines and infectious diseases remains important today, and it is critical that the next generation of life scientists and healthcare professionals are properly educated on these subjects so that they may counteract the array of misinformation pervasive in society. Furthermore, educating students at all levels to use the scientific method will help create a scientifically literate populace, an admirable goal in itself.
